Although Japanese mango is produced under a fairly unique cultivation system and fetches high prices at market, further growth of the mango industry in Japan requires the development of new cultivars. However, since individual mango flowers are quite small, no more than 1 cm in diameter, a large number of skilled workers is necessary for artificial pollination, thus making it difficult to obtain a sufficient number of progenies for breeding. We therefore evaluated a methodology whereby progenies were obtained by open pollination and their male parent was subsequently determined by DNA markers. Two mango cultivars ('Irwin' and 'Beni-Keitt') were arranged in a plastic house and honeybees were released as a pollen vector for open pollination. Harvested fruits were characterized and their seeds were sown in a bed. The male parent of the germinated seedlings was then identified by five simple sequence repeat (SSR) markers. As a result of SSR genotyping, the male parents of 185 of 239 'Irwin' seedlings were revealed; 79 were obtained by self-pollination and 106 from out-crossing. For 'BeniKeitt', the male parent of 14 of the 20 seedlings was determined with two self-pollinated and 12 out-crossed. Preferential out-crossing in 'Irwin' was revealed using the chi-square test, although the considerable number of self-pollinated fruit obtained shows that a sufficient number of fruit can be set in a single-planted orchard. The effect of the male parent on fruit characteristics was subsequently examined, revealing that in 'Irwin' the Brix value of self-pollinated fruits was significantly higher than that of cross-pollinated fruits. Certain color values were, however, lower in self-pollinated 'Irwin' fruits.
Introduction
Commercial mango (Mangifera indica L.) production in Japan was started in Okinawa prefecture in the Ryukyu Islands in 1984 after establishment of a cultivation technique using plastic houses to protect against rain damage, resulting in low fruit set and the occurrence of anthracnose disease (Akinaga and Hasbullah, 2002) . Since most areas of Japan are not appropriate for mango growth, trees grown in the field are easily damaged by cold temperatures in winter. Thus, outside the Ryukyu Islands, mangoes cannot be grown in the field; however, in other regions, southern Kyushu Island in particular, growth is possible using a plastic house with a heating system.
As a result of the unsuitable climate, mango cultivation in Japan is therefore quite different from that in other countries. Mangoes are grown in a plastic house reinforced with a strong frame to protect against typhoon damage. Moreover, due to the limited space inside the plastic house, trees are trained horizontally into a lowheight vase shape (Utsunomiya, 2008; Yonemoto, 2006) . Another specific technique is that abscised 'Irwin' fruit, synchronized with full-ripening, is caught using a net hanging from the frame of the plastic house. As a result of these differences, various characteristics such as cold 28 tolerance, dwarfism, and coinciding full-ripening and fruit abscission are even more essential for mangoes grown in Japan. In addition, the only cultivar commercially grown in Japan is 'Irwin', which was selected as a chance seedling of 'Lippens' in Florida, USA and first published in 1949 (Geo and Ledin, 1955; Ledin, 1954) . A monoculture of a single cultivar can become problematic, inhibiting improvements in productivity. It can also be affected by consumer preferences towards a varied mango taste. Thus, breeding programs aimed at the generation of new original cultivars suitable for Japanese production are necessary.
The majority of the present cultivars were established from the selection of open-pollinated seedlings; however, the development of a new cultivar using this methodology tends to occur unintentionally. Controlled closed pollination guarantees that two desirable parents are crossed while excluding undesirable pollen from reaching the female parent. Although artificial hand pollination is the fundamental method for controlled pollination, there are serious problems applying this method to mango breeding. Mango forms an inflorescence primarily as a terminal panicle bearing thousands of either male or hermaphrodite flowers. These flowers are greenish-yellow and 5-10 mm in diameter ). Thus, as individual flowers are quite small, artificial pollination requires a large number of skilled workers. In addition, the biggest disadvantage of this technique is the relatively low number of hybrids generated per number of panicles crossed . Mukherjee et al. (1968) reported that only about 106 fruits were obtained as a result of crossing more than 18,000 flowers in their primary trials. Subsequently, Mukherjee et al. (1961) and Singh et al. (1980) improved the technique of controlled closed pollination, for which the number of flowers per panicle available for pollination is limited (maximum of 10), by utilizing a larger number of panicles since it is very rare for a panicle to bear more than one fruit to maturity; however, even when using such a method, no more than 3.85% of fruit actually sets, compared to the 0.23-1.57% efficiency of other methods. As this is still low, establishment of a more efficient way of obtaining hybridized progenies is therefore required.
One of the unique techniques used in mango cultivation in Japan involves introduction of a beehive into a closed plastic house to encourage honeybees to pollinate the mango flowers during the flowering season (Yamashita, 2000) . As a result, an efficient method of obtaining out-crossed progenies with desirable parents has arisen. Once flowers are naturally hybridized by honeybees, their male parent is identified using a DNA marker at a very young stage. Self-pollinated seedlings are then discarded. If just two varieties are interplanted in a closed plastic house, the possibility of a pollen parent is simplified; that is, either a plant's own or its counterpart's pollen is the possible male candidate; however, the efficiency of the supposed system has not yet been evaluated. To identify the male parent of the seedlings using a DNA marker, a simple sequence repeat (SSR) or microsatellite is the most useful and reliable marker. Their high degree of polymorphism and codominant Mendelian inheritance also give sufficient applicability for investigation of parentage in mango (Schnell et al., 2006) and other fruit crops such as grape (Bowers and Meredith, 1997) , pear (Kimura et al., 2003) , and apple (Kitahara et al., 2005) . To date, several research groups have developed SSR markers in mango (Duval et al., 2005; Honsho et al., 2005; Schnell et al., 2005; Viruel et al., 2005) .
In this report, therefore, the ratio of self-pollinated and out-crossed progenies occurring after open pollination of two cultivars by honeybees in a closed plastic house was evaluated by determining the male parent using SSR markers. In addition, when the pollen parent of each seedling was clarified, information on this male parent was used to evaluate the effect of the pollen source on fruit characteristics. As there have been no reports regarding the effect of pollen sources on fruit characteristics in mango, the results could offer solutions to improve high-quality fruit production. Thus, after the male parent was determined, fruit characteristics were compared between self-pollinated and out-crossed fruits.
Materials and Methods
Plant materials, open-pollination, and growth condition Open-pollination experiments using mango plants were carried out in a plastic house equipped with a heating system at the Subtropical Plants Branch, Miyazaki Agricultural Research Institute in Miyazaki prefecture, Japan. In an area of 120.9 m 2 , five 16-yearold and nine 3-year-old 'Irwin' trees were planted in two rows on the ground (Fig. 1) . Eleven 3-year-old 'BeniKeitt' trees and 32 3-year-old 'Irwin' trees, some of which bore flowers, were also grown in pots and introduced into the plastic house before the flowering season. An alternating tree arrangement was created using five of the 11 'Beni-Keitt' trees and the five 16-year-old 'Irwin' trees. Other introduced trees were arranged between the two rows of ground-planted 'Irwin' trees. The plastic house was heated from January 25, 2010 at a minimum temperature of 11°C. This minimum temperature was gradually elevated, finally reaching 20°C on February 19 and 24°C after March 8 until harvest.
Emerging inflorescences were tagged for identification and the date when about 50% of flowers in an inflorescence bloomed was recorded. Beehives were introduced into the plastic house on February 25 until March 26 for honeybees (Apis mellifera L.) as a pollen vector to encourage natural pollination. During fruit development, the fruits were thinned to one or two per inflorescence. According to the mango cultivation system adopted in Miyazaki prefecture, they were hung by strings to expose them to maximum sunlight for better coloration. After the mature stage, they were covered with a net to catch fruits when they reached full-ripening and abscised. The harvest date of each fruit was recorded. Fertilization and irrigation were performed according to a standard management protocol.
Fruit characteristics and seed germination
Fruit characteristics including fruit length, width, thickness, weight, skin color (L*a*b* values at the stem and stylar ends, and on the left and right sides), Brix value and the acidity of the flesh, and seed length, width, and thickness were recorded for all fruits within a few days after they dropped into the net. Chromatic measurements were performed using a colorimeter (ZE2000, Nippon Denshoku, Tokyo, Japan) and the Brix value and acidity were measured using a sugar-acidity analyzer (NH-2000, Horiba, Kyoto, Japan). Seeds with their seed coats peeled off were sown in a container filled with granular Kanuma soil. One to two months after sowing, new leaves were sampled from the germinated seedlings for further DNA analysis.
Genotyping
DNAs of 'Irwin', 'Beni-Keitt', and their seedlings were extracted from the leaves with Nucleon Phytopure (GE Healthcare, Piscataway, USA) according to the instructions provided by the manufacturer. Extracted DNA was checked by 1% agarose gel electrophoresis. PCR amplification was then conducted using eight SSR Table 1 . Sequences of SSR and fluorescence-labeled universal primers used for multiplex PCR.
z Sequences of universal primers linked to the 5' end of a SSR-specific primer are indicated in bold font.
Locus
Name 30 primer sets as follows: MIAC-3, MIAC-5, MIAC-6 (Honsho et al., 2005) , MIAC-44 (Honsho, unpublished) , LMMA10, LMMA11 (Viruel et al., 2005) , MiSHRS-32 (Schnell et al., 2005) , and mMiCIR032 (Duval et al., 2005) (Table 1) . Forward primers of MIAC-5, MIAC-44, LMMA10, and LMMA11 were labeled fluorescently at the 5' end with NED, VIC, 6-FAM, and PET, respectively. With the other primer pairs, the M13-tailed PCR method (Schuelke, 2000) was used for fluorescent dye labeling. The original forward primer sequence was redesigned by adding a universal tail sequence to the 5' end. In order to amplify multiple alleles in one multiplex PCR reaction, three more universal primers were designed in addition to the 6-FAM-labeled M13 universal primer described by Schuelke (2000) ( Table 1) . They were individually labeled with different fluorescent dyes VIC, NED, or PET, allowing fluorescence detection. The eight loci were simultaneously amplified by multiplex PCR using a Type-it Microsatellite PCR Kit (Qiagen, Valencia, USA) in a total volume of 10 μL reaction mixture containing 1x Type-it Multiplex PCR Master Mix attached to the kit, 2 μL of genomic DNA, 0.05 μM of the primers added the universal primer sequences, and 0.2 μM of the remaining primers. The PCR cycling profile was 5 min at 95°C followed by 18 cycles of 30 s at 95°C, 90 s at 57°C, and 30 s at 72°C. The annealing temperature was then reduced to 53°C with a 2°C decrement followed by a further eight cycles of 30 s at 95°C, 90 s at 53°C, and 30 s at 72°C followed by a final elongation step for 30 min at 60°C. The PCR products were diluted to 1 : 20 using sterile water. For SSR genotyping, 2 μL of diluted PCR products was added to 9.25 μL Hi-Di TM formamide (Applied Biosystems, Foster City, USA) and 0.25 μL GeneScan TM -600 LIZ ® Size Standard v2.0 (Applied Biosystems). The mixture was then denatured for 3 min at 95°C and run on the Applied Biosystems 3500xL genetic analyzer (Applied Biosystems). Genotypes were determined using the program GeneMapper ® v.4.0 (Applied Biosystems).
Statistical analysis
The ratio of self-pollinated and out-crossed seedlings for which the male parent was determined was subjected to the chi-square test. Since it was impossible to count all flowers in the plastic house, we assumed that the ratio of inflorescences between the two cultivars was the expected ratio of the male parent occurring in seedlings of each. For all fruits for which the male parent was successfully identified, fruit characteristics were statistically analyzed using the t-test and compared between self-pollinated and out-crossed fruits.
Results and Discussion

Determination of the male parent of open-pollinated progenies
The period of full blooming spanned March 8 to 15 for 'Irwin' and March 5 to 15 for 'Beni-Keitt'. The total number of inflorescences in the plastic house was 406 and 85 for 'Irwin' and 'Beni-Keitt', respectively. As a result of open pollination mediated by honeybees, 276 and 22 'Irwin' and 'Beni-Keitt' fruits were harvested, respectively. Seeds germinated after about 10 days and were sown on the bed; however, 37 'Irwin' and two 'Beni-Keitt' seeds did not germinate (Table 2) . Particles of young leaves were collected from the germinated seedlings about two months after sowing for further DNA analysis.
Capillary electrophoresis using the Applied Biosystems 3500xL genetic analyzer showed clear peaks; however, there were no signals for the primer sets LMMA11 and mMiCIR032, indicating that the multiplex PCR reaction did not work in these two cases (Table 3 ). The genotypes of the two parent cultivars were identical in MIAC-6, and thus it was not used for further analysis of male parent determination. In MIAC-3, capillary electrophoresis demonstrated a different single peak in 'Irwin' and 'Beni-Keitt', suggesting that their genotypes were homozygote with different sized alleles; however, some progenies showed no amplification at MIAC-3, while others successfully did. We found that introduction of the null allele was applicable, with both parent cultivars being heterozygous and sharing the null allele between 'Irwin' and 'Beni-Keitt'. Genotype data of five SSR loci (MIAC-3, MIAC-5, MIAC-44, LMMA10, and MiSHRS-32) were finally used for identification of the pollen parent. All loci were successfully detected by the genetic analyzer; however, 'Irwin' and 'Beni-Keitt' shared one or two alleles, implying that a direct parentprogeny relationship is plausible. Although 'Beni-Keitt' was first introduced into Okinawa from Taiwan, its exact origin remains unknown. It was previously revealed that the genetic relationship is very close and that 'BeniKeitt' is probably a seedling of 'Irwin' (Hazama et al., 2009; Honsho et al., 2010) . Thus, identification of the pollen parent was determined using pooled data of the genotypes of five different loci. When at least one allele indicated the pollen parent, judgment was made based on this information; however, due to the presence of common alleles, the pollen parent of some progenies could not be identified. Although we selected 'BeniKeitt' as a counterpart because of its reddish skin and the synchronicity between full-ripening and abscission, it is conceded that careful selection of parent cultivars is important for successful identification of the male parent by SSR markers. Using SSR markers, the pollen parent of 185 (77.4%) of 239 'Irwin' seedlings was revealed, whereas this was the case with only 14 (70.0%) of 20 'Beni-Keitt' seedlings. There were 79 self-pollinated and 106 outcrossed 'Irwin' and two self-pollinated and 12 outcrossed 'Beni-Keitt' seedlings (Table 2) . During identification of the pollen parent, none of the seedlings tested showed a contradictory result (i.e. no result showed one locus indicating self-pollination and another showing out-crossing). The ratio of out-crossed and selfpollinated seedlings for which the male parent was identified was subjected to the chi-square test. The null hypothesis was that the ratio of self-and cross-pollinated progenies would be equal to that of the number of inflorescences, accounting for an expected 'Irwin' and 'Beni-Keitt' ratio of 406 : 85 (Table 4) ; however, the result of the chi-square test contrasted in 'Irwin' and 'Beni-Keitt'. In 'Irwin', the null hypothesis was discarded at P < 0.001, indicating that out-crossing preferentially occurred (Table 4) . Such preferential selection of out-crossed fruits has been reported in other tropical fruits such as avocado (Degani et al., 1997; Borrone et al., 2008) , durian (Honsho et al., 2004) , and lychee (Degani et al., 1995) . On the other hand, the 'Beni-Keitt' result clearly fitted the hypothesis at P = 0.765 (Table 4) ; however, because the number of 'Irwin' inflorescences was much higher than that of 'Beni-Keitt', preferential selection in 'Beni-Keitt' remains obscure.
2. Preferential selection of out-crossing and selfcompatibility in 'Irwin' Although cross-pollination occurred preferentially in 'Irwin', a considerable number of self-pollinated fruit was obtained in this study. The prevalence of selfincompatibility was clearly established in the monoembryonic Indian cultivar 'Dashehari' by Singh et al. (1962) . Subsequently, detailed studies have indicated that the four popular monoembryonic cultivars of northern India are also self-incompatible as a result of developmental abortion after zygote formation (Mukherjee et al., 1968; Sharma and Singh, 1970) . Thus, the presence of self-incompatibility in 'Irwin', which is a lineage of Indian-Floridian monoembryonic cultivars, has been suggested. Sawada et al. (2002) observed that all fruits dropped within 42 days in about 300 'Irwin' flowers self-pollinated by hand; however, the results of the present study indicate that 'Irwin' can set fruit by self-pollination. This is consistent with the number of seeded fruits harvested from 'Irwin' single-planted in most plastic houses in Japan (Yamashita, 2000) . Dag et al. (2009) also determined the male parent of openpollinated fruits by isozyme marker and concluded that self-pollination is not a yield-limiting factor in monoembryonic 'Maya' in Israel. This is similar to their previous findings for 'Tommy Atkins' (Dag et al., 1998) . These reports and the result of this study support 'Irwin' Table 4 . The number of inflorescences and seedlings for which the male parent was determined and the results of chi-square analysis.
Expected number of outcrosses and self-pollinations and their percentages were calculated assuming that each individual panicle in the plastic house had an equal probability of pollinating any other individual panicle.
Maternal parent
Number of inflorescences in the plastic house 406 85
Number of seedlings for which the male parent was identified 185 14
Number of out-crossed progenies monoculture as an adequate system for fruit production from the point of view of fruit setting.
Effect of the male parent on fruit characteristics
According to the results of SSR marker genotyping, all fruits analyzed were separated into three groups; namely, self-pollinated, out-crossed, and unidentified. There were no significant differences in most traits investigated between self-pollinated and out-crossed fruits in 'Irwin' (Table 5) . Interestingly, however, the Brix value of self-pollinated fruits was 13.4%, which was significantly higher than that of fruit resulting from out-crossing (13.0%). The number of days from anthesis to harvest in self-pollinated fruit (115.2 days) was also significantly longer than in out-crossed fruit (109.9 days). This earlier ripening in out-crossed fruits was also observed in highbush blueberry (Lang and Danka, 1991) . Regarding skin color, the a* value at the stylar end, and L* and b* value on the right side of the fruit were higher in out-crossed fruit. Data from the characteristics of 'Beni-Keitt' fruits are not shown here because the number of self-pollinated fruit was too low for statistical analysis.
The superiority of the sugar content represented by the Brix value in self-pollinated fruits could be related to the delay in fruit harvest of about one week. An increase in soluble sugars is a major change during mango fruit ripening. In 'Irwin', starch is almost undetectable after ripening whereas sucrose increases significantly and fructose slightly (Ito et al., 1997) . Vazquez-Salinas and Lakshminarayana (1985) also observed a gradual reduction in glucose and fructose and a continuous increase in sucrose during ripening in 'Haden', 'Irwin', 'Kent', and 'Keitt'. In the mango cultivation system employed in Miyazaki, Japan, mango growers harvest fruits when they naturally drop into the net. In self-pollinated fruits, a mechanism such as inbreeding depression may occur to slow down seed development, giving the fruits longer for conversion of sugar from starch due to the delay in harvest. In Miyazaki prefecture, mango fruits with a Brix of 15 or more can be sold under the brand name "Taiyo no Tamago (Egg of the sun)". Since fruits with high sugar content are therefore profitable for famers in Miyazaki, single plantations of 'Irwin' in a plastic house are recommended according to the results of this study; however, the Brix value in this study was lower than the abovementioned standard of Miyazaki prefecture, even in self-pollinated fruits. The reason is probably that crop load in this experiment was a little higher than the recommended number for commercial production in order to obtain more fruits for parentage analysis. The a* value, which indicates reddishness, was lower at the stylar end in selfpollinated fruits. Since coloration is also an important grading criterion, careful management of coloring is also required.
Advantages of the open-pollination method in Japan
In this study, the preferential out-crossing in 'Irwin' demonstrated the effectiveness of the proposed method of hybrid formation. In a previous report, to maximize out-crossing with a desired pollen parent, two parent trees were enclosed with pollinating insects in a large insect-proof cage ). This technique has also been employed in several countries (Cilliers et al., 1996; Degani et al., 1993; Pinto and Byrne, 1993; Sharma and Singh, 1970) ; however, Bally et al. (2009) pointed out that one major constraint of this technique is the requirement for synchronized flowering of the caged parent trees. In addition, it is difficult to design a pollination plot because, in most cases, mango trees used for breeding parents are often grown in the field. In contrast, mango trees grown in the plastic houses in Japan and potted culture have also been developed (Fumuro et al., 2010) , allowing control of desirable cultivars and simplifying the plot design. With most mango cultivars, moreover, floral differentiation is triggered by exposure to a certain degree of cold Table 5 . Fruit characteristics of self-pollinated vs. out-crossed progenies in 'Irwin'.
NS: non-significant; *, **: significant at P = 0.05 and 0.01, respectively. Davenport (2009) ]. In the mango growing system employed in Japan, temperature can be controlled very easily using heating appliances from autumn to spring. Thus, as a result, it is more feasible to synchronize flowering times for multiple cultivars under the Japanese cultivation system. Although preferential out-crossing and advantages of the system are described, a more effective and cost-saving method is required, since the cost of maintaining mango trees in Japan tends to be higher than in other mangogrowing countries. Several factors such as the choice and mixing ratio of parent cultivars, simplification of DNA extraction, and optimization of multiplex PCR condition require further sophistication. Establishment of a more effective methodology with lower costs will help accelerate the mango breeding program in Japan.
